In this study, we clarified dental occlusion functions by visualizing the displacement and deformation patterns of the periodontium under dental occlusion. A digital image correlation method served as a visualization and deformation analysis method using fresh porcine periodontium specimens. Also using dried periodontium specimens, we conducted the occlusion test to characterize the differences in displacement and deformation patterns between fresh and dried specimens. Results indicated that the periodontal ligaments deform first, followed by alveolar bones. Marked differences in displacement and deformation patterns were observed between the fresh and dried periodontium specimens.
Introduction
In the field of odontology, several studies on dental occlusion functioning have investigated the displacement and deformation patterns of the periodontium (i.e., tooth, periodontal ligament, alveolar bone). Various measurement methods have been developed, including strain gauge techniques (1) - (3) , laser displacement (4) (5) , and magnetic sensors (6) (7) . In addition to the teeth, the periodontal ligament and alveolar bone (jawbone) play important roles in occlusion analysis, necessitating inclusion of the entire periodontium for a complete consideration. However, with the above methods, a single-point measurement is performed to obtain the local displacement and strain, and kinetic analyses (8) - (13) and material properties (14) - (16) of the teeth, periodontal ligament, and alveolar bone are determined independently. To date, occlusion analysis that considers the entire periodontium as a single structure, including the teeth, periodontal ligament, and alveolar bone, has rarely been performed. Furthermore, deformation of the entire periodontium under dental occlusion is estimated based on the local displacements, strains, and loads of each tissue. Therefore, direct visualization of the periodontium would be beneficial in occlusion analysis.
Visualization of periodontium displacement and deformation patterns has been actively conducted by various research groups, including Kishen et al. (17) , Umezaki et al. (18) (19) , and
Matsumoto et al. (20) - (22) However, these studies have relied on dried periodontia or photoelastic materials such as resin to simulate living tissue. Thus, their results may differ significantly from the displacement and deformation patterns that occur with the occlusion of healthy periodontium specimens.
In this study, we used the skull of a pig killed several days earlier for rendering to obtain periodontium specimens as close as possible to live tissue. We separated the mandible to prepare thin specimens consisting of a retromolar, periodontal ligament, and alveolar bone. Occlusion was simulated by applying a forced displacement using a desktop material tester, and visualization measurements of the displacement and deformation patterns were performed. In addition, to clarify differences in the displacement and deformation patterns between fresh and dried periodontia, similar experiments using well dried specimens were conducted to compare displacement distributions. A digital image correlation method was used for deformation analysis (23) - (25) .
Research using fresh periodontium has not been previously reported. This study provides important findings for clarifying the displacement and deformation patterns of the periodontium under dental occlusion. Moreover, this study provides an indication of the ideal displacement distribution in dental implants wherein titanium osseointegrates directly into the alveolar bone without using the periodontal ligament as a buffer material.
Experimental methods

1. Digital image correlation method
In the digital image correlation method, patterns unique to an object's surface, or intentionally spray-coated random patterns are used. Patterns and brightness distributions on the object to be measured are photographed using a CCD camera or similar device before and after deformation. In this way, the amount and direction of displacement on the surface of the object can be simultaneously measured.
More specifically, a small region (subset: N x N pixels) centered on an arbitrary position in an image before deformation acts as a standard subset. The position showing the greatest correlation with this standard subset in the image after deformation is then identified so that the amount and direction of displacement can be determined. To correlate the subsets, a rough search is conducted in which the displacement is measured to the accuracy of a pixel. In addition, a detailed search is conducted in which the displacement is obtained with measurement accuracy greater than a pixel. In the rough search, the correlation function C R is determined using the minimum residual method (Eq. 1).
( 1) where I u (X, Y) and I d (X+u, Y+v), respectively, are the light intensities before and after deformation; X and Y are the center coordinates of a subset; u and v are displacements in the x-and y-directions, respectively; and N = 2M + 1. When C R reaches a minimum, the subset containing this position is considered to be the pixel nearest the center of displacement following deformation.
Since the actual displacements do not equal integral multiples of the pixel values, it is necessary to obtain displacements with an accuracy greater than a pixel. This is generally accomplished by one of two methods. In the first method, the discrete light intensity distribution of pixels is directly interpolated numerically to obtain the position of the pixel with the highest correlation coefficient (26) (27) . In the second method, correlation coefficients for the pixel with the highest correlation coefficient and pixels on its periphery are subjected to interpolation using an approximate curve. The peak-value position is then identified by the displacement of the standard subset after deformation (28) (29) . In this study, the former method was used for analysis. The correlation function C D was used for the detailed search (Eq. 2). Using this equation, deformation can be measured with a measurement resolution higher than a pixel: 
Specimens
To achieve conditions as close as possible to live tissue, periodontia were extracted from porcine skulls that had been rendered several days prior. To be brought close to the plane-stress state, sliced specimens 2 mm thick were prepared, consisting of a retromolar, a periodontal ligament, and alveolar bone, using a low-speed precision cutter (IsoMet, Buehler) (Fig. 1) . The retromolar and alveolar bones adhere to each other via periodontal ligaments whose thicknesses range from 100 to 400 µm in the entire region of the tooth root.
3. Experimental procedure
A compression test simulating occlusion was taken after Gathercole (33) , and was performed in detailed as follows: moisture on the surface of a specimen was dried so that the coating used in the digital image correlation could be applied; random patterns were spray coated on the specimen surface; the mandible bone near the medullary cavity was fixed in a vise (Fig. 1, line A) , with the vise subsequently placed on a desktop material tester (LSC-1, Tokyo Testing Machine); a compressive load was applied to the top of the crown (Fig. 1, point B) ; deformation images were acquired using a CCD camera.
In previous studies, occlusion loads acting on a single retromolar have been quantified. However, the actual occlusion load acting on a thin retromolar specimen is unknown. Therefore, in this study, an occlusion load was imparted by applying a forced displacement using the desktop material tester. Using an intrusion of 200 µm, images were taken at 20-µm increments. The 200-µm intrusion is almost identical to the amount of actual movement under the occlusion load, which is considered to be appropriate (4) (5) (32) .
In total we acquired and processed 40 samples of experimental data. The quantitative results were rightly different since the geometries of each sample changes. However, we obtained the similar trends in terms of the qualitative results. The black dots on the surface of the specimen indicate random patterns that were intentionally applied by spray coating for the digital image correlation. Figure 3 and 4 present the resulting horizontal and vertical displacement calculations, respectively, based on the digital image correlation method. The analysis conditions were as follows: the subset size was 41 x 41 pixels. The calculations were performed at 4-pixel steps in the 1400 x 1900 pixels. The 3 x 3 pixels median filtering was employed to reduce salt and pepper noise in the images. From the results of the displacement distributions in Fig. 4 , changes in the vertical (v) displacement from the loading point to the medullary cavity ( Fig. 2(a) , points C and C') are given in Fig. 5 . Figures  6 and 7 show the horizontal and vertical displacement distributions, respectively, for the equivalent test using dried periodontia specimens. Similarly, changes in the v-displacement 
Experimental results
Discussion
In the displacement distributions show in Figs. 3 and 4 , the shape of the retromolar becomes clearer as the intrusion increases. While the retromolar shows prominent displacement, the alveolar bone shows almost no displacement, suggesting that major deformation occurs in the periodontal ligament at the boundary surface of the retromolar.
Here, the v-displacement distributions representing the displacements of the tooth axis were paid attention. Figure 5 shows a quantitative expression of the displacement distributions indicated in Fig. 4 . On the horizontal axis, the region from 0 to 12 mm corresponds to the retromolar, while the alveolar bone corresponds to the region from 12.5 to 30 mm. The area between these two regions corresponds to the periodontal ligament. The displacements in the region of the crown's pulp cavity were not indicated in the figure since the hollow nature of the cavity prevented application of the random patterns required for image correlation, resulting in incorrect displacements. The following can be deduced from the results shown in Fig. 5 : during the initial stage of occlusion, because an appropriate amount of sway is applied to the retromolar, extensive deformation only occurs in the periodontal ligament; the alveolar bone subsequently deforms to generate strain; the retromolar does not deform, and only rigid-body displacement occurs.
The horizontal and vertical displacement distributions of the dried periodontium specimens in Figs. 6 and 7, respectively, differ significantly from those of the fresh periodontium specimens. With the fresh periodontium specimens described above, the displacement distributions show increasing clarity of the retromolar shape as the intrusion increases. In contrast, the dried periodontium specimens show no clear displacement boundaries. The resulting displacement distribution more closely resembles a uniform structure than discrete tissue displacements. This is caused by the evaporation of collagen moisture in the periodontal ligament, preventing the ligament from fulfilling its natural buffering function. Similarly, comparing Figs. 5 and 8 indicates a coinciding uniform structure displacement. These experimental results indicate that the periodontal ligament plays an important role in occlusion, and that fresh periodontium is necessary to accurately model occlusion.
Summary
To our knowledge, this is the first study to apply a digital image correlation method to visualize the displacement and deformation patterns of a fresh periodontium under dental occlusion. We employed a thin section of fresh porcine periodontium containing the retromolar of the lower jaw to perform occlusion tests. The results obtained support the following conclusions.
(1) A significant difference was observed in displacement distribution between fresh and dried periodontia specimens. Moisture in the periodontal ligament played an important role in transmitting occlusive load from the tooth to the alveolar bone, which affected the strain on surrounding tissues. (2) Regarding the deformation pattern under dental occlusion, the periodontal ligament deformed during the early stages of occlusion, followed by the alveolar bone. The retromolar showed negligible deformation.
